This study sought to determine the qualitative relationship between the BNP levels at discharge and on the day of cardiovascular events in CHF patients. We devised a mathematical probabilistic model between the BNP levels at discharge (y) and on the day (t) of cardiovascular events after discharge for 113 CHF patients (Protocol I). We then prospectively evaluated this model on another set of 60 CHF patients who were readmitted (Protocol II). P(t|y) was the probability of cardiovascular events occurring after >t, the probability on t was given as p(t|y) = −dP(t|y)/dt, and p(t|y) = pP(t|y) = αy β P(t|y), along with p = αy β (α and β were constant); the solution was p(t|y) = αy β exp(−αy β t). We fitted this equation to the data set of Protocol I using the maximum likelihood principle, and we obtained the model p(t|y) = 0.000485y 0.24788 exp(−0.000485y 0.24788 t). The cardiovascular event-free rate was computed as P(t) = 1/60Σ i=1,…,60 exp(−0.000485y i 0.24788 t), based on this model and the BNP levels y i in a data set of Protocol II. We confirmed no difference between this model-based result and the actual eventfree rate. In conclusion, the BNP levels showed a non-linear relationship with the day of occurrence of cardiovascular events in CHF patients.
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Because chronic heart failure (CHF) is one of the most common fatal diseases and has an increasing prevalence worldwide 1 , its severity must be correctly diagnosed for the appropriate treatment to be implemented. Because it has been shown that brain natriuretic peptide (BNP) is linked to the pathophysiology of HF 2, 3 and that higher plasma BNP levels qualitatively predict more frequent clinical events, such as hospitalization or cardiovascular death, clinicians refer to the plasma BNP levels when diagnosing or treating CHF patients 4, 5 . Plasma BNP levels have been recognized to correspond to the severity of CHF because of the peptide secreted from cardiac cells in response to wall stress of the heart [6] [7] [8] . However, BNP is known to be cardioprotective 9, 10 . Therefore, BNP functions to improve cardiovascular function and reflect cardiovascular dysfunction, which suggests that it is intricately and complexly linked to the pathophysiology of CHF. However, there has not been a clear consensus on whether the plasma BNP levels quantitatively predict the time of cardiovascular events in CHF patients. Furthermore, it is unclear whether the extent of BNP-level changes quantitatively predicts the interval to the occurrence of cardiovascular events. For subjects with stable CHF, increased risk is evident in patients with a BNP level of at least 100 pg/mL; every increase of 100 pg/mL is associated with a 35% increase in risk 11, 12 . However, the probability that BNP levels of 100-200 pg/mL have a comparable tendency to cause cardiovascular events as BNP Scientific RepoRts | 6:37073 | DOI: 10.1038/srep37073 levels of 900-1,000 pg/mL is questionable. Based on this hypothesis, we aimed to construct an exquisite model to establish the link between the plasma BNP levels and the day of re-hospitalization because of the worsening of HF or cardiovascular death in patients with HF.
Using our database of patients who were admitted because of acute decompensated heart failure (ADHF) and were discharged as stable CHF after sufficient treatment, we performed this study with the following objectives: (1) to theoretically derive a probability formula that correlates the plasma BNP levels at discharge and the day of hospitalization or cardiac death in patients with stable CHF; (2) to obtain an actual probability model by fitting the theoretical probability formula to the clinical data of the retrospectively enrolled patients; and (3) to prospectively test whether the cardiovascular event-free rate using this model in CHF patients was consistent with the actual cardiovascular event-free rate in the patients.
Methods
Study protocols. In Protocol I, we retrospectively enrolled CHF patients to constitute an actual probability model that would provide the day of cardiovascular events based on the plasma BNP levels alone. In Protocol II, we prospectively tested whether the expected date, as determined by the probability model, was consistent with the actual day of cardiovascular events.
Protocol I. From our database of CHF patients, 113 ADHF patients who were admitted because of worsening CHF and were discharged after improvement of HF to New York Health Association (NYHA) I or II between January 2007 and December 2008 were retrospectively enrolled. The follow-up period was until December 2014. For patients who were admitted to the hospital several times during the follow-up period, the earliest date of hospitalization was recorded. CHF was diagnosed by an expert team of cardiologists using the Framingham criteria 13 . The time of the discharge was determined by the expert team of cardiologists in charge of the HF department. Discharge was recommended when the patients presented no signs of decompensation, such as NYHA functional class < 3, rales, and gallop rhythm; when their blood pressure was stable; and when there was an improvement in renal function after optimal treatment following international guidelines 14 . In each patient, the plasma BNP level at discharge was recorded. Similarly, the first day of occurrence of cardiovascular events was recorded. A cardiovascular event was defined as re-hospitalization because of worsening HF or cardiovascular death. An independent group of physicians in the emergency room at our institute made the decision on re-hospitalization when the CHF of the patients progressed and worsened; they also analysed the primary cause of re-hospitalization or death. We fitted our theoretical probability model, which is described below, to the data on the BNP levels at discharge and the day of the cardiovascular events to approximate the probability of cardiovascular events based on these BNP levels.
Protocol II. We prospectively enrolled 60 ADHF patients who were admitted because of worsening HF and were discharged after improvement of HF to NYHA I or II between May 2013 and December 2015. We followed-up these patients until the end of 2015. The primary endpoint was the day of the first re-hospitalization because of cardiovascular causes or cardiovascular death. An independent group of physicians in the emergency room of our institute made a decision on re-hospitalization when the CHF of the patients progressed and worsened; they also analysed the primary cause of re-hospitalization or death. We prospectively tested whether the predictive curves of the cardiovascular event-free rate produced by the mathematical model were significantly close to the Kaplan-Meier curves for the actual cardiovascular event-free rate during the follow-up period.
Constitution of a mathematical model to link plasma BNP levels and the day of cardiovascular events for Protocols I and II. We assumed that the CHF severity in most patients did not significantly change after discharge and proportionally reflected the daily probability of cardiovascular events (p). We chose the plasma BNP levels as the most valuable index for assessing CHF severity because BNP is produced according to the progression of CHF and because BNP clearance from the blood is proportional to the extent of cardioprotection. On the basis of these assumptions, we estimated that the daily production and consumption of plasma BNP were proportional to the power of p (p γ ) and the plasma BNP level at discharge from the hospital (y), respectively. Because daily production (∝ p γ ) and consumption (∝ y) were considered to be almost equal in a given patient, p γ = θ y holds. This equation was rewritten as:
where α = θ 1/γ and β = 1/γ were constant. Second, P(t|y) was designated as the probability that cardiovascular events did not occur before an interval (t) having elapsed from discharge under a given y. Then, p(t|y) was designated as the probability of cardiovascular events on day t and was equal to the daily reduction of P(t|y) (i.e., − dP(t|y)/dt). At the same time, p(t|y) was equal to the probability of the first occurrence of a cardiovascular event on day t, denoted as pP(t|y), which is the probability that the event did not occur before day t but occurred on day t. Accordingly, we obtained the following differential equation:
Because all patients were alive at discharge under a given y, P(0|y) = 1 holds. Then, we derived the following solution of this differential equation with Equation (1): Given a data set of Protocol I, DI = {(y i ,t i )|i = 1,…,N}, the log-likelihood under this solution was represented as follows:
where s i was equal to 1 if the clinical event of patient i occurred within the time span of observation in DI; otherwise, s i was equal 0. T i was the elapsed day at the close of the observation for patients with s i = 0. p(y, t) is the probability of observing a patient with a BNP level of y at discharge and a cardiovascular event at day t in the data set. Similarly, P(y, T) is the probability of observing a patient with a BNP level of y at discharge and a cardiovascular event after day T in the data set. p(y) is the distribution of y in the data set. Because the second term on the last line did not depend on parameters α and β , we searched for the combination of these parameters that maximized the first term on the data set DI by a standard non-linear optimization algorithm named the Nelder-Mead Simplex Method 15 . Under these optimum parameters obtained by DI of Protocol I, the model-based event-free rate (P(t)) at t for a BNP data set of Protocol II, DII y = {y i |i = 1, … , M}, was computed using an approximation of p(y) by its data distribution in DII y :
, where δ (• ) is Dirac's delta function. Because P(t) was equivalent to the probability that a cardiovascular event occurred after day t, it was computed as follows:
Moreover, the model obtained by DI enabled us to compute the event-free rate curve P(t) for a group of patients with BNP levels in a specific interval (y l , y u ) at discharge in DII y . This was performed by limiting the distribution p(y) into (y l , y u ), i.e., limiting the patients to those having BNP levels in (y l , y u ) in DII y as
where the summation was taken over DII y (y l , y u ) = {y i |y l < y i < y u in DII y }. Thus, we showed an event-free rate curve P(t|(y l , y u )) for the patient group as: Centre Research Ethics Committee. For Protocol I, the committee decided that the acquisition of informed consent from the 113 subjects was not required, according to the Japanese Clinical Research Guidelines and because this was a retrospective observational study. Instead, we made a public announcement on both the Internet homepage of our institution and the bulletin boards of our outpatient and inpatient clinics, in accordance with the request of the ethics committee and the guidelines. In Protocol II, written informed consent was obtained from all 60 subjects (UMIN000018691). This was a clinical study that enrolled patients with CHF, and all methods were performed in accordance with the relevant guidelines and regulations.
Statistical Analysis. Normally distributed data are expressed as the mean ± standard deviation; other values were reported as median and interquartile range (IQR). We performed the goodness-of-fit test and used the coefficient of determination as a measure to assess the significant relationships between the predictive curves and actual Kaplan-Meier curves of the cardiovascular event-free rate. The differences in the predictive curves among the different BNP levels were tested using the Wilcoxon signed-rank test. We estimated the error bounds of the parameters α and β by applying the standard bootstrap sampling 16 to the data set DI of Protocol I, and we added the upper and lower 2σ bound lines of the model based Kaplan-Meier curves obtained in Protocol II. All tests were two-tailed, and P < 0.05 was considered significant. All analyses were performed using JMP software for Windows (version 8.0.2, SAS Inc., Cary, NC, USA).
Results
In Protocol I, a total of 113 HF patients (71 men and 42 women, median age of 67 years) were retrospectively enrolled in this study (Table 1 ). All patients were in NYHA functional class I or II upon discharge. The data on the plasma BNP levels at discharge were used to obtain a probability model for the day of cardiovascular events because it approximated the function of plasma BNP. We fitted the model to the data on the plasma BNP levels at discharge and the day of cardiovascular events by using the maximization of the aforementioned logarithmic likelihood LL(D). We obtained the parameters of α = 0.000485 and β = 0.24788 to characterize the daily probability of the cardiovascular event as equation (1) at the optimum. Accordingly, we obtained the probability model p(t|y) = 0.000485y 0.24788 exp(− 0.000485y 0.24788 t) (Fig. 1) . For Protocol II, the patients' characteristics are shown in Table 2 . Figure 2 shows the Kaplan-Meier plots calculated by using the actual data and the model for cardiovascular event-free periods. Both lines are significantly close to each other (R 2 = 0.92). The upper and lower 2σ bound lines of the model plot did not completely overlap with the actual Kaplan-Meier curve because the actual Kaplan-Meier curves also fluctuated due to their statistical uncertainty. Figure 3A -C show the Kaplan-Meier plots of the actual data and the model for the cardiovascular event-free period in each group, with plasma BNP levels ≤ 200 pg/mL (n = 16), 200 pg/mL < BNP ≤ 500 pg/mL (n = 21) and BNP levels > 500 pg/mL (n = 23). The 2σ bounds of the model-based curves are also provided. In each group, both lines are significantly close to each other (R 2 = 0.94, 0.90 and 0.95 for Fig. 3A-C) . Figure 3D depicts the Kaplan-Meier plots of the model-based event-free rates and shows that the plots become steeper when the BNP levels increase.
Discussion
Plasma BNP levels are known to be related to the probability of cardiovascular events, such as hospitalization or cardiovascular death. However, there is no clear consensus on whether the plasma BNP levels quantitatively predict the time of occurrence of cardiovascular events. In the present study, we constituted a theoretical probability model to estimate the time of cardiovascular event occurrence based on the plasma BNP levels at discharge in CHF patients who were admitted to our hospital because of ADHF. We provided a non-linear probability model, p(t|y) = 0.000485y 0.24788 exp(− 0.000485y 0.24788 t), and a model-based formula of the event-free rate, ≅ ∑ − .
= .
P(t) exp( 0 000485y t) i 1 M i
0 24788 , by fitting the actual data on the BNP levels and the day of cardiovascular events. We further validated the accuracy and reproducibility of this model in a prospective observational study and found that the model provided a plausible probability of a given BNP level to assess the time of occurrence of cardiovascular events. As shown in Fig. 3 , the calculated and actual cardiovascular event-free rates are well correlated with each other, although the times of the beginning and end of cardiovascular events were slightly separate. This figure is comparable to the data from the Seattle Heart Failure Model 17 ; however, our model is derived from only the BNP levels at discharge based on the pathophysiological assumption of BNP metabolism and by fitting the obtained equation to the actual data and validating the obtained equation using CV and another ADHF cohort, whereas Levy et al. obtained the predicted equation by fitting the survival to many factors using multivariate analysis and validating it with another cohort of CHF 17 . BNP is produced in cardiomyocytes by both ventricular stress and excess neurohumoral factors [6] [7] [8] . Because the LV mass is larger than the RV mass, the plasma BNP levels primarily reflect LV dysfunction. Plasma BNP appears to be cardioprotective by increasing cyclic GMP levels and activating G kinase 10 , but it also increases with worsening HF 18 ; these facts provide evidence that increases in the BNP levels may precisely predict the occurrence of cardiovascular events in patients with HF. Indeed, the plasma BNP levels were shown to decrease after treatment modalities that are known to improve the clinical outcomes of patients with CHF 19 . This suggests that BNP not only is a biomarker of the severity of cardiac dysfunction but also is linked to cardioprotection. Therefore, the BNP levels may precisely predict the clinical outcomes in CHF patients. These characteristics of BNP are different from those of other simple biological or physiologic markers of HF. For example, LV ejection fraction (LVEF) is one of the physiologic markers of HF, but treatment modalities, such as inotropic agents, that increase LVEF are not necessarily beneficial for HF. However, BNP is important for a biomarker-guided study 19 , which suggests that it is a more important biomarker for the prediction of cardiovascular events.
Why can the plasma BNP levels at discharge predict the probability of cardiovascular events? It does not seem to be convincing that a one-time measurement of the plasma BNP level at discharge in each HF patient can predict the day of occurrence of cardiovascular events because the BNP levels may fluctuate weekly or monthly during outpatient follow-up, despite the constant intake of medications. These changes in the BNP levels may be attributed to daily changes in hemodynamic parameters, such as heart rate or blood pressure; excessive intake of water or salt; or temporal sympathetic activation in a patient 20 . These facts suggest that the BNP levels at The actual cardiovascular events started slightly later than the calculated events and ended earlier than the calculated events; however, the goodness-of-fit model found that KM and predictive curves were significantly close, and the coefficient of determination was 0.92. discharge cannot determine the fate of the CHF patients. However, CHF patients who are discharged from the hospital receive the ideal medications, medical apparatus, water/salt balance, and haemodynamics; this implies that patients are in the best condition at discharge, thus providing the lowest value of BNP levels for that patient. Indeed, in this study, the plasma BNP level at admission decreased from 917 to 351 pg/mL after comprehensive treatment for ADHF (Table 1) . Such BNP levels may be considered to represent the best clinical condition of the patient and may reflect the true severity of CHF and the probability of cardiovascular events. Indeed, reports have shown that the pre-discharge BNP or NT-pro BNP levels that were measured only during hospitalization predicted clinical outcomes 21, 22 . This BNP value at the best clinical condition may affect the probability of the clinical outcomes. Of course, the actual and baseline cardiac function may worsen during follow-up; we cannot deny this possibility, and this deviation may cause the actual day of occurrence of cardiovascular events to deviate from the estimated days.
BNP in plasma has been used as a sole biomarker for CHF and is recognized to precisely predict cardiovascular events. However, specialized medical care has been focused because many clinical, social, and genomic factors are involved in patients with CHF 23 . However, at the same time, we should seek the most important factor to ascertain the disease and investigate the precise relationship between that factor and the clinical outcomes. This method of investigation that uses BNP as a biomarker for CHF may also contribute to the choice of an appropriate medicine.
The most important information of the present study was that the increase in the risk for re-hospitalization was not proportional or linear to the increase in BNP levels for subjects with stable CHF following ADHF, even if the subsequent BNP levels were more than 100 pg/mL, although every 100 pg/mL rise was associated with a 35% increase in risk for subjects with stable CHF. The probability of occurrence of clinical outcomes in patients with CHF was related to the BNP levels at a power of approximately 1/4. We do not know how the changes in the BNP levels correspond to the quantitative improvement or worsening of CHF, and we believe that one of the advantages of the present study is that we can propose such an equation to yield quantitative meanings for the BNP values. It would be better to transform the BNP levels to 1/BNP 0.25 to obtain an index of CHF severity from the viewpoint of clinical events. The other impact of the present study is how to employ mathematical science in clinical practice. Figure 4 shows the scenario of the present study, which aimed to both provide a theoretical equation that can be fitted to actual retrospective clinical data and evaluate the equation in a prospective study.
Limitations. The present study had several limitations. First, because this was a single-centre study, the number of patients was limited, particularly that of subjects with ADHF. Second, the quantity of data was somewhat small. However, we obtained the probability equation for 113 patients in a retrospective study and provided evidence for the plausibility of this equation in 60 patients in a prospective study. In this sense, we suggest testing the present hypothesis using multicentre trials.
Conclusions.
Our study showed that the plasma BNP levels non-linearly predicted the day of occurrence of clinical events in patients with CHF. By using our equation, the impact of BNP levels on cardiovascular outcomes may be quantitatively evaluated.
